Background: In addition to contemporary lifestyle factors that contribute to the increased obesity prevalence worldwide, early nutrition is associated with sustained effects on later life obesity. We hypothesized that physical properties of dietary lipids contribute to this nutritional programming. We developed a concept infant formula (IMF) with large, phospholipidcoated lipid droplets (Nuturis; Danone Research, Paris, France) and investigated its programming effect on metabolic phenotype later in life. Methods: Male c57Bl/6j mice were fed a control formula (control IMF) or Nuturis (concept IMF) diet between postnatal day (PN)16 and PN42. all mice were subsequently fed a Western-style diet (WsD) until PN126. Body composition was monitored repeatedly by dual-energy X-ray absorptiometry between PN42 and PN126. results: concept IMF slightly increased lean body mass as compared with control IMF at PN42 but did not affect fat mass. Upon 84 d of WsD feeding, the concept IMF group showed reduced fat accumulation as compared with control IMF. In addition, fasting plasma leptin, resistin, glucose, and lipids were significantly lower in the concept IMF group. conclusion: Large phospholipid-coated lipid droplets in young mice reduced fat accumulation and improved metabolic profile in adulthood. These data emphasize that physical properties of early dietary lipids contribute to metabolic programming.
t he incidence of childhood obesity is rising worldwide (1,2). Because available treatments have only limited success and specifically early-onset obesity increases the risk of early onset of metabolic disease (3), prevention is of the utmost importance. Although evidence is not entirely conclusive, meta-analyses of observational studies have indicated that breastfeeding is associated with a moderately reduced risk of childhood obesity and metabolic disease (reviewed in ref. 4, 5) . The association between infant feeding and long-term metabolic health could be related to early-life growth trajectory: rapid weight gain during infancy has been associated with increased visceral adipose tissue in young children (6) as well as adults (7) . Given that rapid weight gain during early postnatal life in infants is associated with specifically fat mass (FM) gain (8) and a higher risk of obesity (7), breastfeeding may protect by moderating early growth. Indeed, breastfeeding has been shown to result in lower weight-for-length and FM from 7 mo onward as compared with formula feeding (9) . Taken together, these data suggest that infant nutrition affects the early development of adipose tissue and has a sustained impact on body composition later in life.
The sustained protective effects of breastfeeding on obesity and metabolic health later in life are probably multifactorial and could include feeding regimen, maternal behavior, mode of food delivery, and nutritional composition (10) . Human milk (HM) contains both nutrients and bioactive compounds, including endocrine and immune factors, securing healthy growth and development during infancy (11) (12) (13) . Dietary lipids are a key source of energy and essential nutrients during infancy. A comparison between lipids in mature HM and those in current infant milk formulas (IMFs) shows differences in lipid classes (14) , fatty acid (FA) composition (15) , and physical structure (16) . HM lipid globules are secreted from the mammary epithelial cells through exocytosis into the alveolar lumen. This process produces droplets with a core consisting of triglycerides and cholesteryl-esters surrounded by a native milk fat globule membrane composed mainly of phospholipids (PLs), proteins and enzymes, free cholesterol, and glycoproteins. The lipid droplet size ranges between 1 and 10 µm, with an average mode diameter of 4 µm in mature milk (17) . In contrast, lipid droplets produced during processing of IMF have a diameter of ~0.3-1.0 µm and consist of a triglyceride core with milk proteins adhering to the globule surface (16) .
We hypothesized that the specific surface composition and size of the lipid droplets in HM contribute to the long-term benefits of breast-feeding on metabolic health later in life. To test this hypothesis, we developed a concept IMF with lipid droplets with physical properties similar to those in HM, i.e., larger in size and coated with PLs (Nuturis; Danone Research, Paris, France). We compared this concept IMF with a control IMF in a mouse model of nutritional programming (18) . A diet containing either control or concept IMF was provided
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Programming by dietary lipid structure for 26 d in early life, after which all mice were fed a "moderate" Western-style diet (WSD; 10% w/w fat and 0.1% w/w cholesterol) for 84 d during adolescence and adulthood. We subsequently determined the effects of the control and concept IMF in early life on adult body composition and metabolic health.
RESUlTS

IMF Analyses
IMF processing and addition of 2 g/l PLs from buttermilk serum powder resulted in the Concept IMF (Nuturis) with PL-coated lipid droplets (Figure 1) . A clear shift was observed toward larger lipid droplets in the Concept IMF as compared with Control IMF (Figure 2) . In the Concept IMF, more than 50% of the total volume of lipid particles was present in droplets with a diameter ranging between 2 and 12 μm. Less than 35% of the volume was present in particles with a diameter of 2 μm or smaller. In contrast, <15% of the particle volume was represented in droplets with a diameter between 2 and 12 μm in the Control IMF, and 85% of the total volume was present in the droplets of <2 μm. Peak diameter of the particle size distribution was 0.40 and 6.25 μm in the Control and Concept IMF, respectively (Figure 2) . FA composition was comparable in Concept and Control IMF. PL content of Concept IMF was 3.6 g/kg as compared with 0.1 g/kg in the Control IMF diet (Table 1) .
Direct effects of IMF-based diets on growth and body composition. An early intervention with Concept IMF resulted in a 8% higher lean body mass (LBM) at postnatal day (PN) 42 (t (20) = 5.417, P = 0.031) as compared with Control IMF directly after intervention (Figure 3a) . In contrast, FM (t (20) = 0.007, P = 0.936) and body weight (BW) (t (20) = 1.429, P = 0.246) were similar in the two groups.
Programming effects of IMF-based diets on food intake, BW gain, and body composition development. Average food intake from PN42 to PN126 was comparable between groups (12.7 ± 0.3 and 13.1 ± 0.4 kcal/d/animal for the Control and Concept IMF groups, respectively). To distinguish between direct and programming effects of early diet on development later in life, we calculated absolute values of BW, LBM, FM, and %FM as well as relative changes, indicated as delta values (i.e., delta (d)BW, dLBM, dFM, d%FM) during WSD challenge (Figure 3b) . During WSD challenge from PN42 to PN126, BW gain was 17% lower in the Concept IMF as compared with the Control IMF group (F (2,40) = 4.630, P = 0.016). However, differences were moderate as post hoc analyses could not confirm significant differences in dBW at individual time points.
Relative LBM gain during WSD was similar in the Control and Concept IMF groups (dLBM F (1,20) = 0.079, P = 0.978). In contrast, fat mass development in adolescence and adulthood was affected by early postnatal diet. Both FM (F (3, 60) = 2.974, P < 0.039) and %FM (F (3, 60) = 3.914, P = 0.013) gain after WSD challenge were lower in animals previously fed Concept IMF as compared with animals fed Control IMF (F (3, 60) = 2.974, P = 0.039). Post hoc analyses of individual time points confirmed a 24 and 28% lower dFM in the Concept IMF group as compared with the Control IMF group at PN98 and PN126, respectively. In addition, d%FM was 31, 30, and 28% lower in the Concept IMF group as compared with the Control IMF group at PN70, PN98, and PN126, respectively. Articles Oosting et al.
Organ weight. Weights of white adipose tissue depots at PN126 were only moderately affected by postnatal diets ( Table 2 ) and subsequent WSD (data not shown). Comparison of the Control and Concept IMF groups did not show significant differences in white adipose tissue depot or organ weight.
Plasma parameters. Plasma adiponectin, monocyte chemoattractant protein 1, total plasminogen activator inhibitor-1, interleukin 6, and tumor necrosis factor α did not differ significantly between the two groups at PN126 (Table 3) . However, plasma leptin (t (24) = 2.324, P = 0.029) and resistin (t (23) = 1.913, P = 0.037) were significantly lower in the Concept IMF group as compared with the Control IMF group. At PN126, fasting triglycerides (TG) (t (25) = 3.438, P = 0.002) and total cholesterol (TC) (t (29) = 2.627, P = 0.014) levels were lower in the Concept IMF group as compared with the Control IMF group. Moreover, glucose homeostasis during fasting was different due to early postnatal diet, with a significant lower plasma glucose (t (24) = 2.531, P = 0.018) and homeostasis model assessment of insulin resistance (t (25) = 1.741, P = 0.047) in Concept IMF-fed as compared with Control IMF-fed animals. Fasting insulin was similar in the two groups.
Effect of WSD Challenge During Adolescence and Adulthood
Average food intake from PN42 to PN126 was comparable between the nonchallenged reference (12.6 ± 0.4 kcal/d/ animal) and WSD-challenged groups. Both absolute BW and LBM gain from PN42 to PN126 was comparable between the nonchallenged reference group and both WSD-challenged (Control and Concept IMF) groups. FM and %FM gain was 51 and 73%, respectively, higher in the Control IMF group as compared with the nonchallenged reference group. In contrast, FM did not differ significantly between Concept IMF group fed WSD from PN42 to PN126 and the nonchallenged reference group (data not shown). Between PN98 and PN126, FM gain in both WSD-challenged groups decreased, resulting in %FM values closer to the values of nonchallenged reference mice (data not shown). In addition, fasting plasma TG and TC were increased due to WSD in adolescence and adulthood (TG: 0.25 ± 0.02 vs. 0.57 ± 0.02 mmol/l, TC: 2.44 ± 0.24 vs. 3.48 ± 0.20 mmol/l in nonchallenged reference and Control IMF groups, respectively). In contrast, plasma adipokines and glucose homeostasis were unaffected by adult WSD.
DISCUSSION
This study strongly suggests that physical properties of dietary lipids contribute to body composition and metabolic health later in life. Besides distinct differences in FA composition and lipid classes, HM and IMF show a clear difference in the physical structure of lipids: raw milk lipid droplets are larger and coated with a native milk fat globule membrane as compared with lipid droplets in infant formula, which are predominantly covered with milk proteins (16) .
The most striking and sustained effect of the altered postnatal diet with a lipid structure closer to that of human milk was the difference in FM gain and improved metabolic profile once switched to the WSD diet. Absolute and relative FM were similar in all groups directly following the diet intervention at PN42, but postnatal Nuturis reduced the fat percentage increase due to the WSD challenge by ~30%.
The amount of body fat is strongly related to the prevalence of cardiometabolic risk factors both in children (19) and adults (20) , indicating that reducing FM reduces disease risk. Evidence from clinical studies showed that 5% reduction in body fat percentage improved cardiometabolic risk profile in obese children (21) and adults (22) . Very few experimental studies have focused on prevention of obesity and metabolic Few studies have shown that exposure to n3 long-chain polyunsaturated fatty acids throughout life protects against the detrimental effects of an adverse fetal environment on blood pressure, inflammation, leptin sensitivity, and glucose homeostasis in adult rats (26, 27) . In addition, n3 long-chain polyunsaturated fatty acid supplementation during pregnancy and lactation reduced BW of adult rat offspring on a standard chow by 5% (28) . In accordance, we have shown previously that 5% n3 long-chain polyunsaturated fatty acids in the postnatal diet of mice lowers adult FM by 28% upon 56 d of WSD feeding (18) . The magnitude of this nutritional programming effect on adult FM closely resembles that of our present study, which investigated a postnatal diet with distinct physical and compositional lipid properties without any significant change in FA composition. Early postnatal life is considered a critical period in development of the metabolic system and programs its functionality and metabolic homeostasis later in life (29) (30) (31) . For instance, development of the endocrine pancreas continues until 4 y after birth in humans and its structure and functionality is affected by nutrition during both fetal and postnatal life (32, 33) . Adult adipocyte number in white adipose tissue, another key endocrine tissue in metabolism, is also set during Articles Oosting et al.
early life (34) and is affected by dietary FA (35) . Other lipid components may also play a role. For example, dietary cholesterol in infancy affects adult cholesterol metabolism (36, 37) . Moreover, postnatal supplementation of a milk fat globule membrane fraction containing bioactive lipids such as phospholipids, gangliosides, and other polar lipids enhanced BW gain and improved brain function in young rats (38) . Thus, dietary lipids during this sensitive period can influence the development of organ structures and physiological systems and thus their functionality. The mechanism underlying the nutritional programming effects of Nuturis found in this study remains elusive. Metabolic development may have been modulated by differences in absorption and digestion kinetics. In adults, small lipid droplets from a fat emulsion were hydrolyzed faster than larger lipid droplets (39) , whereas small IMF lipid droplets without a PL coating were hydrolyzed more slowly in preterm infants than large HM milk lipid droplets with a native membrane (40) . This suggests that (i) size and surface composition play a differential role in digestion kinetics and (ii) these are differentially handled in early childhood and adulthood. It has been shown in rats that these physical properties also modulate plasma triglyceride appearance (41) and β-oxidation rate (42) . Taken together, these studies indicate that differences in lipid digestion and absorption could influence utilization of these lipids for either β-oxidation or lipogenesis. Whether this is also true for the Concept IMF in this study and whether this affected early growth rate remain to be investigated. Unfortunately, the experimental design did not allow recording of preweaning food intake and body weight gain per individual pup, which limits our understanding concerning direct effects of the Concept IMF on early growth. Future studies are required to confirm our hypothesis and acquire more insight into modulation of early growth trajectories by physical properties of lipids in infant nutrition.
The observed adult phenotype appeared to be dependent on age and/or diet challenge: at PN126, FM gain reduced in both challenged groups, as did the difference between the initially divergent FM gains in the Control and Concept IMF groups. The results do not confirm whether the Concept IMF programs toward delayed ("slower") fat accumulation or rather toward a sustained reduced fat accumulation during aging. The WSD challenge was very mild as compared with obesogenic models using diets with 45-60% energy from fat (43, 44) to model for mild obesogenic dietary patterns of many Western and developing countries. However, the WSD was even relatively moderate as compared with a diet resembling human Western dietary fat intake (45) and was therefore insufficient to sustain an adverse metabolic phenotype as compared with the nonchallenged reference group. To be able to conclude that the Concept IMF either delays, reduces, or prevents excessive fat accumulation later in life, future studies should include a more severe obesogenic diet.
As food intake during adulthood was similar between groups, the reduced FM in Concept IMF mice cannot be explained by a difference in energy intake. The moderately higher LBM in Concept IMF mice at PN42 and after WSD at PN126 indicates a different utilization of nutrients as compared with Control IMF mice. This shift may direct toward development of LBM rather than FM, ultimately resulting in a different growth trajectory.
The improved adult body composition in the Concept IMF group was accompanied by an improved metabolic profile, as shown by lower fasting plasma TG, TC, and glucose concentrations as compared with the Control IMF group. Given that systemic adipokine levels were not significantly perturbed by the moderate WSD challenge as compared with normal rodent chow, the limited improvement in adult adipokine profile due to Concept IMF was to be expected. However, lower plasma leptin and resistin in the Concept IMF group suggest an improved metabolic profile as compared with Control IMF given that leptin is correlated with FM, resistin is associated with insulin resistance, and both are increased in obese adolescent subjects (46) .
In conclusion, this study underlines that lipid structure, e.g., large, PL-coated lipid droplets, in postnatal diet reduces fat accumulation and improves metabolic profile in mice during adolescence and adulthood. Our data suggest that protective effects of breastfeeding may be partly explained by the physical properties of lipids in HM. Taken together, it is becoming apparent that not only dietary FA composition (e.g., essential FA and long-chain polyunsaturated fatty acid content) but also physical properties of dietary lipids contribute to dietary lipid quality and play a role in programming of adult metabolic health. Future studies should investigate how distinct features of lipid quality, for instance, lipid composition and physical lipid structure, interact.
METHODS
Animals and Study Design
All experimental procedures were approved by the Animal Experimental Committee DEC-Consult, Bilthoven, The Netherlands, and complied with the principles of good laboratory animal care. Mice were housed at facilities of the Wageningen University and Research Centre (Wageningen, The Netherlands) on a 12/12 h light/dark cycle (light on 06:00 h = Zeitgeber time 0 h) in a temperature-and humidity-controlled room (21 ± 2 °C and 50 ± 5%, respectively). Food and water were available ad libitum during the entire experimental protocol, except before blood sampling when animals were fasted for at least 4 h during the light phase (from 7:30 AM onward). Food intake was measured per cage biweekly from PN42 onward. Individual food intake could not be measured before PN42, because the diets were presented in the form of dough in the cage and were provided to the dam and litters from PN16 onward. BW was measured per litter before weaning at PN2, PN7, PN14, and PN21 and individually after weaning on a weekly basis. Male and female C57Bl/6j mice were fed standard semi-synthetic rodent chow upon arrival and timemated. After birth, litters were culled to four male and two female pups per dam on PN2 and randomly assigned to diet containing a control IMF (Control IMF) or to the Nuturis concept IMF (Concept IMF) from PN16 onward. Pups had access to their respective diets but were also allowed to drink milk until weaning at PN21 when male pups were housed in pairs and continued their respective diets until PN42. Subsequently, male pups of the Control IMF and the Concept IMF groups changed to a moderate WSD (10% w/w fat) during their adolescence and adulthood until dissection on PN126 (Figure 4) . To confirm effectiveness of the WSD challenge in adolescence and adulthood, we included a separate nonchallenged reference group, which was maintained on a standard semi-synthetic rodent chow (AIN93) during the entire experimental protocol. collected in K 3 EDTA-coated 1 ml microtubes. Plasma was obtained after centrifugation at 1350g for 12 min at 4 °C and stored at −80 °C. Liver, pancreas, musculus tibialis, brain, epididymal, retroperitoneal, and inguinal white adipose tissue depots were dissected and weighed.
Plasma Analyses
Total adiponectin was determined using a mouse adiponectin enzyme-linked immunosorbent assay kit (Linco Research, Millipore Bioscience, Billerica, MA). Plasma insulin, leptin, monocyte chemoattractant protein 1, total plasminogen activator inhibitor-1, interleukin 6, tumor necrosis factor α, and resistin were measured using a mouse serum adipokine lincoplex kit (Linco Research). Samples, standards, and quality control were prepared according to manufacturers' protocol and fluorescence was measured using a BioPlex 200 Luminex instrument (Bio-Rad Laboratories, Hercules, CA). Fasting plasma TC (liquicolor cholesterol oxidase-phenol aminophenazone method, Instruchemie, Delfzijl, The Netherlands), TG (glycerol phosphate oxidase trinder method; Sigma Aldrich), and glucose (glucose oxidase-phenol aminophenazone method; Roche Diagnostics, Almere, The Netherlands) were measured colorimetrically and analyzed with a microplate imaging system (Bio-Rad Laboratories, Veenendaal, The Netherlands). Homeostasis model assessment of insulin resistance was calculated from fasting plasma glucose and insulin (glu(mmol/l) × ins (pmol/l)/22.5) as an indirect measure of insulin sensitivity.
Statistical Analysis
Statistical analyses were performed using SPSS 15.0.1 software (SPSS Benelux, Gorinchem, The Netherlands). Variables were checked for Gaussian distribution with the Shapiro-Wilkes test. Levene's test for equality of variance was used to assess the probability of different variances among treatment groups. Direct effects of experimental diet (Control IMF and Concept IMF) were analyzed by means of Student's t-test. Programming effects of experimental diet on development of body composition during WSD were analyzed using a repeated-measures ANOVA. Post hoc analyses were performed on confirmed diet × time interactions by univariate ANOVA of PN42, PN70, PN98, and PN126, separately. Effects of experimental diets on white adipose tissue weight, organ weight, food intake, and plasma parameters were analyzed by means of Student's t-test. Data are presented as mean ± SEM unless otherwise indicated. Differences were considered significant at P < 0.05. Figure 4 . Study design from postnatal day (PN) 0-PN126. DEXA, dual-energy X-ray absorptiometry; IMF, infant milk formula.
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